The striking performance of lead halide perovskites (LHPs) in thin films in solar cells,^[@ref1]−[@ref3]^ as well as the works of both Schmidt et al.^[@ref4]^ and Protesescu et al.,^[@ref5]^ has inspired various groups to develop synthesis methods that produce high-quality LHP nanocrystals (NCs) (e.g., CsPbX~3~, MAPbX~3~, and FAPbX~3~; MA, methylammonium; FA, formamidinium; and X being Cl^--^, Br^--^, and I^--^).^[@ref6]−[@ref9]^ Among the various LHP NCs, CsPbX~3~ ones have been investigated the most owing to their high stability, narrow emission line widths and high photoluminescence quantum yield (PLQY, 65--95%).^[@ref5],[@ref6],[@ref10],[@ref11]^ CsPbX~3~ nanocubes were initially prepared by injecting Cs-oleate into a hot solution (140--200 °C) of PbX~2~ (which serves as a source of both Pb^2+^ and X^--^ ions) that had been dissolved in a mixture of oleic acid (OA) and oleylamine (OLAm). However, several groups have now shown that choosing an appropriate combination of primary amines and protic acids (in terms of chain length and molar ratio), adjusting the reaction temperature results in the synthesis of differently shaped LHPs \[namely nanocubes, nanoplatelets (NPLs), nanorods (NRs), nanowires (NWs), and nanosheets (NSs)\], or both.^[@ref12]−[@ref20]^ Unfortunately, this shape variability can also be detrimental, as it is not always easy to obtain homogeneous samples in terms of shape purity. Moreover, attempts to vary the size of the nanocubes (by reducing the reaction temperature^[@ref12]^ or increasing the concentration of the acid)^[@ref17],[@ref21]^ often lead to the contamination of the sample with NPLs. This is attributed to an increase in the concentration of oleylammonium species, which start competing with Cs^+^ ions, in the addition to the surface of the growing NCs.^[@ref21],[@ref22]^ Shortening the hydrocarbon chain length of the primary amine also leads to the formation of NPLs, irrespective of the synthesis temperature.^[@ref23]^ Finally, the use of excess amines promotes the formation of Cs-rich (Pb-depleted) phases, such as Cs~4~PbX~6~,^[@ref24],[@ref25]^ which can also be an undesired product. Ideally, one would need a robust synthesis scheme that is not limited by all these reaction parameters so that cubes of various sizes can be prepared in a reproducible manner by sampling a broad set of reaction conditions, with no contamination from NCs with other shapes and crystal phases.

Here, we report a general synthesis procedure for nearly monodispersed shape- and phase-pure CsPbBr~3~ nanocubes. The key to achieving shape and phase purity is by omitting oleylamine, a primary amine that promotes both the anisotropic growth and the formation of unwanted phases. The CsPbBr~3~ NCs reported in this work can be synthesized using an extremely simple synthesis scheme that employs a protic acid such as OA as the only surfactant that is present in the reaction environment, delivering phase-pure CsPbBr~3~ NCs that are capped only with oleate molecules. However, by using only OA, the tunability of the NC size is not optimal. Thus, we introduce a secondary aliphatic amine in addition to OA to modulate the growth of the NCs. By varying the chain length of the secondary amine and the reaction temperature, we could tune the edge length of the cubes from 5 to 25 nm (in the range of conditions that are explored here). The size distributions of the NCs were also narrow, and the PL emission line widths were as low as 68 meV. Remarkably, secondary amines in the form of protonated ammonium ions are not able to bind to the surface of CsPbBr~3~ NCs nearly as effectively as oleylamine (or as effectively as a primary amine in general); see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Hence, they do not compete effectively with oleate molecules for binding to the surface of the NCs, and this inhibits the growth of NPLs under any of the conditions tested: different temperatures, ligand concentrations, and lengths of the amines' aliphatic chains. In our NCs, the surface coverage (6--8%) by secondary ammonium ions is much lower than that of oleate molecules (92--94%), as is supported by nuclear magnetic resonance (NMR) measurements and X-ray photoelectron spectroscopy (XPS). Density functional theory (DFT) calculations indicate that dialkylammonium molecules cannot bind to the {100} facets of CsPbBr~3~ without heavily distorting the lattice, suggesting that their binding to the surface of NCs is weak and secondary to that of oleates. The homogeneity in the size and shape of the CsPbBr~3~ NCs is clear from the ability of the nanocubes to spontaneously self-assemble into superlattices with lateral dimensions of up to 50 μm. These are the largest dimensions that have been reported to date for superlattices (SLs) of LHP NCs. Notably, this record SL size was achieved without any size-selective precipitation or washings steps beyond the NCs' isolation after synthesis.

![Synthesis of CsPbBr~3~ NCs in the Presence of Protonated Primary and Secondary Amines](nl-2018-03598z_0006){#sch1}

In this work, we used a modified version of our recently developed synthesis of CsPbX~3~ NCs, in which lead acetate trihydrate (PbAc~2~·3H~2~O) and a benzoyl halide are used separately as precursors for Pb and X (Cl, Br, and I), respectively,^[@ref8]^ instead of the more common approach in which PbX~2~ is introduced as a combined source of Pb and X. In our revised scheme, benzoyl bromide is injected into a solution containing cesium and lead oleates in either the presence or the absence of secondary amines. After the synthesis, the NCs were separated and cleaned by adding a 1:6 volume ratio mixture containing toluene and ethyl acetate (or acetone) to the crude solution, which was then centrifuged and redispersed in toluene. A major finding is that no amine or ammonium ligands are actually needed for this type of synthesis. Pb and Cs salts are perfectly soluble in a mixture of ODE and OA alone because they form the corresponding metal oleates. Then, once the bromide precursor is injected, CsPbBr~3~ NCs are immediately formed. These NCs have cubic shapes, as can be seen by transmission electron microscopy (TEM) ([Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). The absence of platelets under these synthesis conditions is most likely due to the fact that alkyl carboxylates are not known to be involved in the formation of layered halide perovskites. The NCs have an overall good optical quality, as is attested by UV--vis optical absorption and photoluminescence (PL) spectra ([Figure S1c](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). Their X-ray diffraction (XRD) pattern conforms to the orthorhombic phase ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). These NCs are passivated with either oleate or oleic acid because no other surfactants are used in the synthesis. This is in agreement with other studies that report the same type of NC surface passivation, although those NCs were grown in mixtures containing quaternary ammonium ions in addition to OA.^[@ref26]^ In our "minimal" reaction scheme, the surface passivation by oleate species only occurs as a direct consequence of our decision to use only the minimum amount of chemicals that are required for the synthesis. Further attempts to tune the size of OA capped NCs (for example, by performing syntheses at different concentrations of OA; see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)) were unsuccessful. It appears, therefore, that this oversimplified scheme, despite providing some basic understanding of the growth and surface chemistry of the NCs, does not provide size tunability.

To overcome these issues without using primary amines, we tested the effect of introducing secondary aliphatic amines to our synthesis under similar reaction conditions. In a first series of experiments, we systematically varied the hydrocarbon chain length of the secondary amine, from dihexylamine to dioctadecylamine, while all of the other reaction conditions were kept constant. (See [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} for details and the caption of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} for acronyms of the various secondary amines used). We observed the formation of nearly monodisperse nanocubes in every case regardless of the type of dialkylamine that was used, as is shown in the TEM images in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--e. By an increase of the secondary amine chain length, the size of the NCs decreased from 17 nm in the case of dihexylamine, to 7.5 nm in case of dioctadecylamine. The XRD patterns evidence the crystalline nature of the nanocubes, which closely match the orthorhombic perovskite phase ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f). The size uniformity in all of the samples is also evident from the optical absorption spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g, gray-shadowed spectra), which show that the nanocubes have distinctive excitonic features, and from the PL spectra, which demonstrate that they have narrow emission lines with line widths in the range of 68--75 meV. The PL quantum yield (PLQY) of the various washed CsPbBr~3~ samples was in the range of 48--80%, and the average life times were approximately 5--10 ns (see [Figure S3 and Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). Such PLQYs are comparable with those in previous reports by people who employ similar washing protocols using ethyl acetate or acetone.^[@ref26],[@ref27]^

![(a--e) TEM images of CsPbBr~3~ NCs synthesized by varying the alkyl chain length of secondary amines. (a) dihexylamine (DHAm), (b) dioctylamine (DOAm), (c) didecylamine (DDAm), (d) didodecylamine (DDDAm), and (e) dioctadecylamine (DODAm). (f) Corresponding XRD patterns with reference (CsPbBr~3~, reference code. 96-451-0746). The presence of only the strong order peaks in the 12 nm sample (prepared with DOAm) is most likely the effect of preferential orientation for this sample. (g) Absorbance and PL spectra. The average sizes of the nanocubes measured from TEM images are written in panel f. The reaction conditions used in all these syntheses were as follows: the amount of each precursor used was 0.2 mmol of PbAc~2~·3H~2~O, 0.05 mmol of Cs~2~CO~3~, 4.75 mmol of OA, and 1.25 mmol of dialkylamine; the reaction temperature was 80 °C; 50 μL of benzoyl bromide was diluted in 0.5 mL of octadecene; the reaction time was 15 s.](nl-2018-03598z_0001){#fig1}

We measured the reaction yield in terms of Pb present in the NCs compared to Pb added as a precursor \[by inductively coupled plasma optical emission spectroscopy (ICP-OES) elemental analysis\]. We have also calculated the total number of NCs (expressed as nanomoles of NCs) produced using a short (DHAm), intermediate (DOAm), and longer chain (DDDAm) amine in the synthesis. Results are reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The overall reaction yield decreases steadily (albeit not so strikingly) with increasing length of the alkyl chain of the amine, but the number of NCs increases considerably. It appears, therefore, that longer-chain amines promote a higher nucleation rate than shorter amines, but then the formed nuclei have to compete more for the remaining monomers; hence, their growth rate is reduced.

###### NC Size, Reaction Yield, and Nanomoles of NCs Synthesized Using Three Different Secondary Amines

  ------------------------------ ------ ------ -------
  amine used                     DHAm   DOAm   DDDAm
  NC size                        17     13     8.2
  reaction yield                 52%    49%    43%
  nanomoles of NCs synthesized   3.5    7.1    25
  ------------------------------ ------ ------ -------

Our reaction scheme is quite flexible in terms of the parameters that can be tuned to modify the size of the NCs, and it is quite robust because nanocubes are always formed. For example, using didodecylamine and varying the reaction temperature (from 50 to 140 °C) enables the synthesis of monodisperse nanocubes with sizes ranging from 6.2 to 19 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--d). XRD analysis indicates that all the samples have orthorhombic perovskite phase ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e). The degree of size monodispersity in the samples that are characterized by smaller sizes is evident from the multiple excitonic peaks; the energy separation between the peaks increases as the size decreases, which is in accordance with what has been observed in ensemble optical spectra of classic quantum dots. The size of the nanocubes could be further decreased to 5.1 nm by replacing didodecylamine with dioctadecylamine and working at 50 °C ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). Moreover, the size of the nanocubes could be further tuned from 9 to 25 nm by using didecylamine and by varying the reaction temperature from 80 to 140 °C ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)).

![Data on CsPbBr~3~ NCs synthesized by using DDDAm at various temperatures, while the rest of the reaction conditions remained unchanged, as is illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. (a--d) TEM images of CsPbBr~3~ NCs, (e) XRD patterns of CsPbBr~3~ NCs that match the orthorhombic perovskite crystal structure (CsPbBr~3~, reference code. 96-451-0746), (f) absorption, PL spectra, PL max (@), and full width at half maxima (fwhm, \*) of the corresponding samples. The average sizes of the nanocubes measured from TEM images are written in panel e. Notice that higher excitonic features are absent in the two samples with PL peaked at 2.39 and 2.38 eV, similar to the sample of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f prepared with DHAm (top spectrum). This is most likely due to a change in the electronic structure for samples of this size (the NCs entering a weak quantum confinement regime).](nl-2018-03598z_0002){#fig2}

Another parameter that we tested is the concentration of OA. Even when the concentration of OA was increased 4-fold (from 3 mmol to 12.6 mmol), which strongly promotes the formation of NPLs in the case of primary amines,^[@ref21]^ no NPLs were observed with didodecylamine ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). To compare the primary and secondary amines, several control syntheses were carried out by using primary and secondary amines separately under fully protonated conditions. In two series of experiments, we directly compared two pairs of amines: oleylamine versus dioctadecylamine and dodecylamine versus didodecylamine. OA was used as the carboxylic acid in all the syntheses, and all other reaction conditions were kept the same. We performed the reaction at a temperature of 100 °C, which is known to promote the synthesis of NSs and NPLs in the case of primary amines.^[@ref23]^ Indeed, when primary amines were used, we observed the formation of CsPbBr~3~ NSs or NPLs, as was evidenced by TEM, optical absorbance, and PL spectroscopies (Figures [3](#fig3){ref-type="fig"}a,b and [S7a,c](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). XRD analysis closely match the orthorhombic perovskite phase ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). However, monodispersed nanocubes were formed in the case of secondary amines ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c-d and [S7b,d](#notes1){ref-type="notes"}). To further study the effect of the dialkylamine, and its inability to form 2D perovskites, we performed the synthesis of NCs in the absence of a Cs^+^ precursor. These conditions, when using primary amines, are known to promote the synthesis of a 2D hybrid layered phase with formula L~2~PbBr~4~ (L denotes a primary alkylammonium ligand).^[@ref28]−[@ref30]^ Indeed, we observed the formation of a white precipitate immediately after the injection of benzoyl bromide in case of dodecylamine ([Figure S9a](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). TEM, XRD, UV--vis absorption, and PL analyses confirmed that the white precipitate corresponds to the 2D (dodecylammonium)~2~PbBr~4~ phase ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). Under the same reaction conditions, but working with didodecylamine, no precipitate was collected and the reaction mixture remained clear and colorless ([Figure S9b](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)).

![(a, c) TEM images and (b, d) absorption and PL spectra of CsPbBr~3~ NCs synthesized by using OLAm and DODAm. The synthesis was carried out under standard reaction conditions (described in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) except for the reaction temperature, which was 100 °C. The insets in panels b and d are the photographs of corresponding NC solutions under ambient and UV light.](nl-2018-03598z_0003){#fig3}

We also ran syntheses under conditions that promote the formation of Pb-depleted Cs~4~PbBr~6~ phases in the case of primary aliphatic amines (that is, in the presence of a large excess of amine). Primary aliphatic amines can stabilize PbBr~2~, and therefore, they deprive the reaction environment of Pb^2+^ species and promote the formation of a Cs~4~PbBr~6~ phase over a CsPbBr~3~ one. However, with our secondary amines, only CsPbBr~3~ nanocubes were obtained ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). We ascribe this behavior to the inability of secondary amines to stabilize PbBr~2~. This was also proven in a control experiment in which CsPbBr~3~ NCs were mixed with a large excess of a secondary amine (didodecylamine). Notably, the NCs remained stable and UV--vis absorption spectra did not show any sign of a Cs~4~PbBr~6~ phase. The same experiment produced a Cs~4~PbBr~6~ phase when it was carried out with oleylamine ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf) and [Video 1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_002.avi)), as has already been reported previously.^[@ref31]−[@ref33]^ Section 13 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf) (and the associated [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)) discusses additional experiments with regard to the solubilization of PbBr~2~ by aliphatic amines.

To better explain the way that primary and secondary amines interact with oleic acid, we resorted to nuclear magnetic resonance (NMR) spectroscopy. ^1^H NMR was used to investigate the protonation of dodecylamine and didodecylamine in the presence of OA. Details of this study are reported in [Figures S14--17](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf). According to the ^1^H NMR data, at an acid-to-amine (primary or secondary) ratio of 3:1 or higher, as is usually employed in our syntheses, the amine is fully protonated ([Figures S14--16](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). However, while an environment that is rich in fully protonated amines is ideal for the synthesis of NCs with two-dimensional shapes or layered phases,^[@ref21]^ it seems to have no influence on the shape control for secondary amines because only cubes are formed. We also performed nuclear Overhauser effect spectroscopy (NOESY) on washed CsPbBr~3~ nanocubes that had been synthesized using didodecylamine, dispersed in deuterated toluene to investigate the nature of the surface ligands. The NOESY spectrum ([Figure S17a](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)) indicates that both the acid and the secondary amine interact with the NC surface, suggesting that both ligands are bound species, at least to a certain extent. Heteronuclear single quantum coherence (^1^H--^13^C HSQC) was also performed to confirm that the signals of interest that were observed in the NOESY belong to the acid and amine ligands ([Figure S17b](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). The ^1^H NMR spectrum of this sample ([Figure S17c](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)) shows that the signals of both ligands broaden, and hence, both species are in active dynamic processes with the NC surface \[with longest correlation times (τ~c~), compared to free ligands\]. To estimate the ratio between the two ligands that are present on the surface of the NCs, namely OA and didodecylamine, we ran a quantitative ^1^H NMR on washed CsPbBr~3~ nanocube samples dissolved in deuterated DMSO. A quantitative analysis of the alkene protons of OA and the α-CH~2~ protons of the amine indicated that the majority of the ligands that are present in the sample belong to OA species (92--94%), while only 6--8% are amine species ([Figure S17d](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). Similar values were obtained from a quantitative analysis (i.e., by X-ray photoelectron spectroscopy, XPS) of the signals due to N (which we chose as a "marker" for the presence of didodecylamine molecules) and C, which focuses on the spectral component due to the acidic COOH moiety of OA ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). It should be noted that the position of this C component is (288.1 ± 0.2) eV in our sample, corresponding to carbon atoms in COO^--^ groups.^[@ref34]^

No signal could be detected from carbons in COOH groups at approximately 289 eV, indicating that the signal to be considered for XPS quantitative analysis only originates from bound molecules in the form of oleates. We also investigated the surface ligand ratios of CsPbBr~3~ nanocubes that were prepared by using primary amine.^[@ref8]^ Remarkably, XPS did not detect any COOH moiety signals of OA, but a strong N signal was observed, a clear sign that these NCs are mainly capped with ammonium species ([Figure S18](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). This is in line with previously reported NMR studies on CsPbBr~3~ NCs synthesized using oleic acid and primary amines, indicating that only ammonium species are bound and no oleate is present on the surface.^[@ref22],[@ref35]^ The great excess of oleate species in the NCs that were prepared in the presence of secondary amines indicates that we are dealing with cation-rich NCs. In particular, the as-prepared NCs most likely have a Pb-rich surface, and the Cs/Pb/Br ratio is close to 1:1.1:2.4, as is suggested by the elemental composition that was obtained via XPS. However, the bromine content could be underestimated here due to X-ray radiation induced Br desorption.

To further gain mechanistic insight into how secondary amines can be bound to the surface of CsPbBr~3~ NCs, and how this differs from the way in which primary amines bind to it, we carried out DFT calculations. We modeled a CsPbBr~3~ slab, employing 4 × 4 unit cells in the *x* and *y* periodic directions and 2 unit cells in the *z* finite direction, that was cut along the cubic (100) direction. This model is in line with our high-resolution TEM (HR-TEM) analysis of various CsPbBr~3~ nanocubes ([Figure S19](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)), ensuring CsBr termination on both sides. The passivation of primary and secondary amines was reproduced by replacing surface Cs^+^ ions with methylammonium and diethylammonium ions as primary and secondary ammonium ions, respectively. Due to the small size of the alkyl chain, these calculations mainly take into account the effect of the anchoring group on the surface, while they neglect most of the chain-to-chain interactions. Further details on the calculations are provided in the [Experimental section](#sec2){ref-type="other"}. Taking a slab passivated with Cs^+^ ions as a point of reference, we could calculate the effect of the lattice strain induced by the ammonium ions that are bound to the surface by analyzing the pair radial distribution functions (rdf) for the Pb--Pb atomic distance. We quantified the changes in the lattice by performing ab initio molecular dynamic simulations for 2 ps and 2.5 fs time steps in an isothermal--isobaric ensemble at a constant pressure (1 atm) and temperature (300 K). We chose the Pb--Pb distance because this is associated with the lattice vector of the cubic perovskite unit cell. Although the lattice distorts to an orthorhombic conformation, it can still be considered a good reference parameter for comparing the passivation with ammonium ions to the unpassivated crystal structure ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). As is illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the passivation with methylammonium provides rdf(Pb--Pb) with well-resolved and narrow peaks, while the diethylammonium passivated surface presents much broader and unresolved peaks ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c), which is a sign that the lattice is more deformed and in two points also breaks apart ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, left panel). This deformation/breaking of the lattice is mainly attributed to the binding of the ion's anchoring group to the surface. Indeed, one of the diethylammonium ion's two hydrogen atoms is almost perpendicular to the surface, whereas the two ethyl groups (i.e., the ones that emulate the long alkyl chains in the experiments) and the remaining hydrogen atom rearrange themselves so as to minimize steric interactions with nearby ammonium ligands ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d,e). In our computational model, diethylammonium ions attempt to reduce the strain by heavily distorting the lattice. In a more realistic environment as in the experiments, these ligands, rather than stretching the lattice, would likely become detached from the surface. We also analyzed the rdf(N--N), i.e., the distance between the nitrogen atoms in the ammonium anchoring groups. On average, this rdf presents less resolved and broader peaks than the ones obtained from the rdf values of the inorganic core due to the greater mobility of the amine ligands at the surface. However, while the closest distance between the N atoms is 5.8 Å in the case of the methylammonium ions, it reaches significantly longer distances (up to 7.1 Å) for diethylammonium ions. This supports the idea that large steric repulsions are present between the ammonium groups. This theory was also confirmed by our analysis of the effect of reducing the surface concentration of secondary amines on the nanoplatelet surface. We indeed reduced the ligand concentration from 100%, where each cation site at the surface is filled with diethylammonium ions, up to 25%, where 3 out of 4 ligands have been detached from the surface as ammonium--Br ion pairs. We noticed that the lattice strain diminishes and the cubic shape is recovered when secondary amines are detached ([Figure S20](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)).

![(a--c) Planar and side views of the slabs optimized at 0 K. Cs^+^ and primary (methylammonium) and secondary (dietyhlammonium) amine passivated structures are given from top to bottom. Panels a and b show the lattice vectors in reciprocal space that are replicated periodically, while panel c shows the lattice vector in the finite direction. On the right of each structure is their corresponding pair radial distribution functions for the Pb--Pb and Cs--Cs (or N--N) atomic distances, calculated by ab initio MD simulations at the DFT or PBE level of theory with the NPT ensemble (*T* = 300 K, *P* = 1 atm). (d, e) Side and planar view of the binding of primary (top) and secondary amines (bottom). In the case of secondary amines, the anchoring groups are closer to each other than in primary amines, indicating a larger steric hindrance.](nl-2018-03598z_0004){#fig4}

Colloidal NCs with a good size and shape uniformity tend to self-assemble into ordered superstructures upon solvent evaporation. The absence of contamination from other shapes combined with the narrow size distribution of cubic CsPbBr~3~ NCs synthesized using secondary aliphatic amines gives us access to high-quality samples that are suitable for self-assembly. Previously, Kovalenko's group has reported 1--10 μm square-shaped superlattices (SLs) of size-selected CsPbBr~3~ and CsPbBr~2~Cl NCs obtained by slowly evaporating the solvent on substrates,^[@ref7],[@ref36],[@ref37]^ Feldmann and co-workers have reported the formation of CsPbBr~3~ NCs SLs smaller than 1 μm in situ during the NC synthesis,^[@ref38]^ and Vanmaekelbergh et al. have reported the preparation of ∼1 μm SLs by adding methyl acetate antisolvent to NCs dispersed in hexane.^[@ref39]^

The CsPbBr~3~ NCs used in our self-assembly experiments were synthesized with didodecylamine under standard reaction conditions without any size-selective precipitation or washings steps beyond the NCs' isolation after synthesis. The average nanocube's edge length, which was estimated using TEM, was 8.3 ± 0.6 nm and the PL was centered at 2.42 eV ([Figure S21](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). The self-assembly of NCs was accomplished by a evaporating the solvent on top of a tilted Si wafer inside the glovebox. Cubic or rectangular shaped SLs with lateral dimensions ranging from 12 to 40 μm ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b) were formed upon drying a ∼6 μM NC solution in toluene overnight. To the best of our knowledge, these are the largest reported NC SLs for lead halide perovskites. The formation of SLs was also possible under ambient conditions on the lab bench instead of in the glovebox (see the details in the [Experimental Section](#sec2){ref-type="other"}). For that experiment, we used a ∼4 μM toluene solution with similarly sized nanocubes (edge length of 8.5 ± 0.4 nm; see [Figure S22](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). In some parts of the Si wafer, polygonal SLs with long edges reaching up to 50 μm were observed ([Figure S23](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)). Confocal PL microscopy was used to obtain PL images ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) and to acquire spectra of individual SLs ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) under 488 nm excitation (see the [Experimental section](#sec2){ref-type="other"} for details). The PL images ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) revealed that the SLs show a spatially uniform PL on a micron length scale. They incorporate virtually all of the emissive material, and there are no noticeable amorphous NC aggregates outside, which further highlights the shape purity and narrow size distribution of the NCs that were synthesized using secondary aliphatic amines. The PL spectra taken from individual SLs are practically indistinguishable from each other within the spectral resolution of the microscope detector (∼3 nm), and they show a 2.5 meV red shift compared with the starting NC solution or to a solution of NCs obtained by dissolving a small area of the self-assembled sample ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). The latter comparison indicates that the red shift is specific to the SLs; therefore, it is not due to any transformation that might have occurred in the NCs. The red-shifted PL in the CsPbBr~3~ NC SLs has been observed previously,^[@ref7],[@ref36]−[@ref39]^ but its exact origins are unclear and remain a subject of further investigation. High-resolution SEM images of the individual SLs indicate that they have relatively flat surfaces, and images that were acquired at higher magnifications evidence that the SLs consist of tightly packed nanocubes ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d,e).

![(a) Low-magnification confocal PL microscope image (under 488 nm excitation) of superlattices made from 8.3 ± 0.6 nm CsPbBr~3~ nanocubes (see the [Experimental section](#sec2){ref-type="other"}). (b) A confocal PL image of several square-shaped superlattices. (c) PL spectra of CsPbBr~3~ nanocubes before and after self-assembly. PL spectra from the three individual superlattices that are labeled in panel b. The PL of the superlattices is broadened and red-shifted ∼2.5 meV compared to the PL of NCs in solution. (d) A scanning electron microscope (SEM) image of an individual superlattice and (e) a high-resolution SEM image in the inset showing closely packed individual nanocubes.](nl-2018-03598z_0005){#fig5}

We have tested our approach also on CsPbCl~3~ and CsPbI~3~ NCs. Initial synthesis results show that secondary amines, together with oleic acid, can be used to prepare CsPbCl~3~ NCs ([Figure S24](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf)) while in the case of CsPbI~3~, NCs quickly degraded over time (hours). It is likely that the surface chemistry of iodides is much different from that of chlorides and bromides, and these syntheses will require further investigation.

In conclusion, in this work, we have substituted primary amines with secondary amines in a benzoyl halide based hot-injection synthesis of CsPbBr~3~ nanocubes. This substitution eliminates the possibility of nanocrystals forming non-cubic shapes, resulting in samples with remarkably uniform CsPbBr~3~ shapes. The shape uniformity and size tunability of the nanocubes are not dependent on the temperature of the bromide precursor's injection (50 to 140 °C range) or on the hydrocarbon chain length of secondary amines (from dihexyl to dioctadecyl). The resulting nanocubes have narrow PL line widths (full width at half maxima 68--81 meV) and high PLQYs (48--80%) in solution. The DFT calculations revealed that the dialkylammonium molecules do not participate much in binding to the surface of the nanocrystals. The great uniformity of the obtained samples was utilized to obtain nanocrystal superlattices with lateral dimensions reaching up to 50 μm, the largest reported so far in the lead halide perovskite family. This approach should be extendable to halide perovskite nanocrystals with compositions other than CsPbX~3~ (for example, MAPbX~3~ and FAPbX~3~). We believe that not only will secondary amines expand the list of molecules for the synthesis of lead halide perovskite nanocrystals, but also, they will pave the way to a better understanding of the photophysical properties of shape pure materials.

Experimental Section {#sec2}
====================

Chemicals {#sec2.1}
---------

Lead acetate trihydrate \[(PbAc~2~·3H~2~O), 99.99%\], cesium carbonate (Cs~2~CO~3~, reagent Plus, 99%), benzoyl bromide (C~6~H~5~COBr, 97%), acetone (99.5%), ethyl acetate (98.8%), toluene (anhydrous, 99.5%), octadecene (ODE, technical grade, 90%), toluene-d8 (99 atom. %D) oleylamine (OLAm, 98%) dihexylamine (DHAm, 97%), dioctylamine (DOAm, 97%), didecylamine (DDAm, 98%), dioctdecylamine (DODAm, 99%), and oleic acid (OA, 90%) were purchased from Sigma-Aldrich. Didodecylamine (DDDAm, 97%), was purchased from TCI. Oleic acid and oleylamine were dried at 120 °C for an hour and stored in a glovebox. All other chemicals were used without any further purification.

Synthesis of CsPbBr~3~ Nanocubes {#sec2.2}
--------------------------------

A total of 76 mg of lead(II) acetate trihydrate, 16 mg of cesium carbonate, and 10 mL of octadecene were combined in a 25 mL 3-neck flask. The reaction mixture was degassed for 5 min at room temperature then for 1 h at 115 °C. The ligand mixture containing 1.5 mL of pre-dried OA and 1.25 mmol of dialkylamine dissolved in 1 mL of anhydrous toluene was rapidly injected under nitrogen. After the complete dissolution of the metal precursors, the temperature of the reaction mixture was decreased to 80 °C. A total of 50 μL of a benzoyl bromide precursor diluted in 500 μL of dried ODE was then injected into the mixture. The mixture was cooled down after 15 s by using a water bath. Subsequently, 20 mL of an ethyl acetae and toluene mixture (with a ratio of 6:1) was added into the crude solution to destabilize the colloids, and the NCs were collected by centrifugation at 9000 rpm for 10 min. Finally, the supernatant was discarded, and the precipitate was redispersed in toluene.

Elemental Analysis {#sec2.3}
------------------

Elemental analysis on solutions of NCs was carried out via inductively coupled plasma optical emission spectroscopy (ICP-OES) on a Thermo Fisher iCap 6000. NC solutions were digested in Aqua Regia.

X-ray Diffraction Characterization {#sec2.4}
----------------------------------

The XRD analysis was performed on a PANanalytical Empyrean X-ray diffractometer, equipped with a 1.8 kW CuKα ceramic X-ray detector operating at 45 kV and 40 mA. Samples for the measurements were prepared by drop-casting a concentrated solution of NCs on a zero-diffraction silicon substrate. All of the diffraction patterns reported here were collected at room temperature under ambient conditions using parallel beam geometry and symmetric reflection mode. Postacquisition XRD data analysis was carried out using the HighScore 4.1 software from PANalytical.

Transmission Electron Microscopy Characterization {#sec2.5}
-------------------------------------------------

Bright-field TEM images of the NC samples were acquired by a JEOL-1100 transmission electron microscope operating at an acceleration voltage of 100 kV. Samples were prepared by drop-casting diluted solutions of NCs onto carbon film-coated 200 mesh copper grids for low-resolution TEM. For HR-TEM, we instead used ultrathin carbon and holey carbon coated 400 mesh copper grids. HR-TEM analysis was carried out on a JEOL JEM-2200FS microscope equipped with a Schottky emitter operating at 200 kV and a CEOS spherical aberration corrector for the objective lens.

UV--Vis Absorption and PL Measurements {#sec2.6}
--------------------------------------

The UV--visible absorption spectra were recorded using a Varian Cary 300 UV--vis absorption spectrophotometer. The PL spectra were measured on a Varian Cary Eclipse spectrophotometer using an excitation wavelength (λ~ex~) of 350 nm for all the samples. Samples were prepared by diluting NC solutions in toluene in quartz cuvettes with a path length of 1 cm.

PL Quantum Yields and Time-Resolved PL Measurements {#sec2.7}
---------------------------------------------------

Absolute photoluminescence quantum yields of NC samples were measured using an Edinburgh FLS900 fluorescence spectrometer equipped with a xenon lamp, a monochromator for steady-state PL excitation, and a time-correlated single photon counting unit coupled with a pulsed laser diode (λ~ex~ = 405 nm and pulse width of 50 ps) for time-resolved PL. The PLQY was measured using a calibrated integrating sphere (λ~ex~ = 400 nm for all CsPbBr~3~ nanocube samples). All solutions were diluted to an optical density of 0.1 at the corresponding excitation wavelength to minimize self-absorption.

X-ray Photoelectron Spectroscopy Characterization {#sec2.8}
-------------------------------------------------

Measurements were performed on a Kratos Axis Ultra DLD spectrometer using a monochromatic Al Kα source (15 kV, 20 mA). The photoelectrons were detected at a takeoff angle of φ = 0° with respect to the surface normal. The pressure in the analysis chamber was kept below 7 × 10^--9^ Torr for data acquisition. The data was converted to VAMAS format and processed using CasaXPS software, version 2.3.17. The binding-energy (BE) scale was internally referenced to the C1's peak (BE for C--C = 284.8 eV).

Computational Modeling {#sec2.9}
----------------------

The simulations were performed in vacuum at the DFT level of theory using the CP2K quantum chemistry code^[@ref40]^ and employing the PBE exchange-correlation functional^[@ref41]^ and a double ζ basis set plus polarization functions.^[@ref42]^ Scalar relativistic effects have been accounted for by using effective core potential functions in the basis set. Spin--orbit coupling effects were not included in the calculations. For ground-state relaxations, the default force convergence threshold of 4.5 × 10^--4^ Ha/bohr was used. Molecular dynamic (MD) simulations included an equilibration stage of 1000 fs using a thermostat and barostat annealing time constant of 150 fs, followed by a production run of 500 fs with a longer annealing time constant (500 fs). At first, we performed structural optimizations at 0 K, allowing the supercell to relax in every direction. For these preliminary calculations, we considered platelets with a maximum surface ligand coverage, i.e., each surface Cs ion is replaced by ammonium, following the same approach we reported in previous works.^[@ref27],[@ref43]^ We then computed the elongation of the supercell along the diagonal direction against the cell with only Cs ions at the surface, and we noticed that the lattice expanded by about 32% for the secondary amines but only 1% for primary amines. We then performed an ab initio MD simulation and computed the Pb--Pb, Cs--Cs, and N--N pair distance distributions for the primary and secondary amine passivated cases.

Nuclear Magnetic Resonance {#sec2.10}
--------------------------

All NMR spectra were acquired on a Bruker Avance III 400 MHz spectrometer, equipped with a Broad Band Inverse probe (BBI) operating at 300 K. After the ^1^H 90° pulse was optimized, using an automatic pulse calculation routine,^[@ref44]^ a quantitative ^1^H NMR (q-NMR) experiment was acquired. We used 16 transient, 64 000 data points, 30 s of inter-pulse delays, no steady-state scans, a spectral width of 20.55 ppm (offset at 6.175 ppm), and a fixed receiver gain of 64. ^1^H NMR spectra for the titration curves were obtained using identical acquisition parameters except for the receiver gain (1). A 2D ^1^H--^1^H NOESY experiment (*noesygpphpp*, Bruker library)^[@ref45]^ was performed using a mixing time of 300 ms, 32 transients, 2048 data points, and 256 increments. A 2D ^1^H--^13^C HSQC (multiplicity-edited Heteronuclear Single Quantum Coherence, hsqcedetgpsp.3, Bruker library)^[@ref46]^ spectrum was acquired using 12 transients, 2048 data points, 400 increments, and an automatic spectral width and transmitter frequency offset optimization for ^1^H. A line broadening of 0.3 Hz was applied to free induction decay before the Fourier transform. The NMR chemical shifts refer to the peak of residual nondeuterated toluene at 7.09 ppm (^1^H) and 129.2 ppm (^13^C).

Self-Assembly of CsPbBr~3~ Nanocubes {#sec2.11}
------------------------------------

The self-assembly was accomplished by slowly evaporating the solvent, and the experiment was set up in a glass Petri dish (with a 60 mm diameter). A thin piece of glass (∼0.5 mm) was put underneath one side of a Si wafer (50.8 mm diameter), creating an inclination of the wafer of ∼0.5--1° with respect to the bottom of the Petri dish. A toluene solution of the nanocrystal sample (between 100 and 150 μL of ∼4 μM 8.5 ± 0.9 nm CsPbBr~3~ cubes) was carefully deposited onto the Si wafer, forming a large tilted "drop". The Petri dish was covered with the glass lid, the entire setup was loosely wrapped in foil to protect it from ambient light and air currents, and the solution was left to evaporate overnight on the lab bench.

Scanning Electron Microscopy Characterization {#sec2.12}
---------------------------------------------

A JEOL JSM-7500FA microscope (Jeol, Tokyo, Japan) in high-vacuum mode, with an acceleration voltage of 5 kV and backscattered electrons was used. No coating was required because the samples were already conductive.

Confocal Photoluminescence Microscopy of Superlattices {#sec2.13}
------------------------------------------------------

The photoluminescence imaging of CsPbBr~3~ NC superlattices grown on Si wafer was performed using a Nikon confocal microscope system (A1-plus-s, Nikon Instruments, Yokohama, Japan) equipped with a A1-DUS Spectral Detector Unit that allows for a parallel acquisition of 32 channel spectral images at a maximum wavelength resolution of 2.5 nm. Depending on the level of detail desired, we used a 10× air (Nikon CFI Plan Apo Lambda 10× 0.45 NA) and a 60× oil (Nikon CFI Plan Apo Lambda 60X Oil 1.4 NA) objective lens. The selected excitation wavelength was 488 nm. The spectrally resolved images were recorded with an emission detection bandwidth of 2.5 nm over a wavelength in the range of 498--578 nm. The resulting stacks (32 spectral slices per stack) were processed using an open-source Fiji distribution of ImageJ ver. 1.52e.^[@ref47]^ The spectral profiles of individual superlattices were obtained by drawing polygonal regions of interest (ROIs) around selected superlattices and performing a "Plot Z-stack Profile" operation in Fiji. This yields a plot of the brightness of ROI (i.e., mean gray value, which is proportional to the number of emitted photons) as a function of the slice number (namely, the emission wavelength bin with the width of the spectral resolution). The overall spectrum-colored images were obtained using the "Temporal Color Code" hyperstack function in Fiji with the LUT setting "Spectrum."

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.8b03598](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.8b03598).A detailed description of the synthesis and the results of the control syntheses that were conducted under various conditions as well as PL lifetime decay curves, PLQY data, additional XRD patterns, TEM images, XPS spectra, NMR spectra (^1^H, ^1^H-^13^ HSQC, ^1^H--^1^H NOESY), optical spectra, the self-assembly procedure, and optical microscopy images of NC superlattices ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_001.pdf))A video displaying two experiments in which a colloidal suspension of CsPbBr~3~ NCs in toluene is mixed with a toluene solution containing a large excess of either a primary amine or a secondary amine ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b03598/suppl_file/nl8b03598_si_002.avi))
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